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Abstract 
Numerical simulation was performed for the flow field inside and outside high-pressure abrasive waterjet nozzle 
under submerging conditions based on Fluent software. RNG κ-ε turbulent model and Simple algorithm were 
selected for numerical simulation. The simulation results indicate that, there exist free jet zone, shock zone and wall 
jet zone in the external flow field of nozzle; the portion of abrasive jet farther from the target wall is of free jet 
structure; the shock pressure field on the target wall is normal distribution; the best shock range is 2-7 times the exit 
diameter of nozzle; the shock pressure of jet is proportional to the inlet pressure, and is inversely proportional to the 
range.     
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1.  Introduction 
High-pressure waterjet technique emerged with rapid development in recent years. It makes use of 
high-pressure water generator to produce high-pressure water, and uses the nozzle to change pressure into 
highly concentrated waterjet motion. It can accomplish a lot of processes, such as cleaning, cutting and 
breaking[1]. High-pressure abrasive waterjet is one of such techniques, where water and abrasive particles 
constitute two-phase flow, a cluster of high-speed abrasive waterjet from the nozzle mouth acts on the 
workpiece for such jobs as cutting, cleaning and breaking.   
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2. Setup of model   
2.1 Physical model and grid division    
Liquid-solid two-phase flow formed by mixing of abrasive particles and high-speed flowing water 
falls into the research of two-phase flow. In this paper, liquid-solid two-phase flow theory was applied for 
numerical simulation. At present, numerical investigation of turbulent model has become an effective 
means to address engineering jet problems[2,3].  
The flow field inside and outside high-pressure abrasive waterjet nozzle nozzle is numerically 
simulated, and limit-element model is built for the nozzle and its external environment[4]. The incoming 
flow tube is 5mm long, with 300 angle of convergence. The cylindrical tube is 3mm long, 40mm×40mm. 
The inlet diameter of nozzle is 4mm, and the exit diamter of the cylindrical tube is 1mm. The limit-
element model is two-dimensional unit on the whole, and the grid unit is triangle. The grid division of the 
limit-element model established for analysis of the nozzle and its external flow is shown in Fig.1. On the 
left is the limit-element model of the interior of high-pressure abrasive waterjet nozzle, and the square 
zone on the right is the limit-element model of unlimited size outside the nozzle for simulating the 
environment into which abrasive waterjet sprays from the nozzle.   
 
Fig.1 Grid division of limit-element model for the flow field inside and outside nozzle 
2.2 Mathematical model   
Real fluid is viscous.  When flowing, they should comply with mass conservation law and Newton’s 
second law:  
( ) ( ) ( ) 0=∂
∂+∂
∂+∂
∂
z
w
y
v
x
uContinuity equation:                                                                                          (1) 
Momentum equations:  
⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
∂+∂
∂+∂
∂+∂
∂−=
⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
∂+∂
∂+∂
∂+∂
∂−=
⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
∂+∂
∂+∂
∂+∂
∂−=
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
z
u
y
u
x
u
z
p
Z
dt
du
z
u
y
u
x
u
y
p
Y
dt
du
z
u
y
u
x
u
x
p
X
dt
du
zzzz
yyyy
xxxx
μρρ
μρρ
μρρ
                      (2) 
κε-k εThis paper selects RNG  turbulent model[5]. The  and  transport equations are:  
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Their values are: , , , , ,  and .  377.40=η42.11 =εC 68.12 =εC 39.1=kα 39.1=εα 012.0=β0845.0=μC
3. Boundary conditions and parameter settings     
The boundary conditions of two-phase jet are as follows. The inlet boundary condition: inlet 
pressureof jet P=40Mpa, where abrasive volume fraction is 10%, water volume fraction is 90%; the exit 
boundary condition: the exit pressure of jet P=101325Pa; wall condition: no-slip wall condition; material 
property setting: abrasive density is 2,660kg/m3, viscosity is 1e-05kg/( m3·S), water density is 998kg/m3 
and viscosity is 8e-04kg/( m3·S). The solver parameter setting: Eulerian model is selected, discretion 
scheme is two order upwind scheme. And other parameter settings are defaults.   
4. Simulation results and analysis     
 
Fig.2 Velocity distribution of water 
Jet comes into the nozzle at P=40Mpa inlet pressure. After acceleration, it sprays from the nozzle 
and forms into main cone jet section. On vertical cross section, the jet velocity is the largest on the axle, 
and decreases along the axle. At the axial direction, with jet distance increasing, jet touches and mixes 
with its surrounding fluid. The resistance produced makes jet velocity decrease. Jet velocity gradually 
decreases along the axle. But in some distance after the exit, the central portion of jet is not affected by 
the turbulent mixing layer, and basically maintains the velocity immediately after spraying.  
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Fig.3 Velocity distribution of abrasives 
 
It is known from Fig.2 and Fig.3 that, the velocity distribution of abrasives is similar to that of water, 
but at the initial stage the abrasives keep accelerating at all times.    
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Fig.4 Comparison of velocity of abrasive and water on the axle 
 
Fig.4 compares the velocity of abrasive and water on the axle. Immediately after two-phase flow 
enters the nozzle, the velocity of water is basically identical to that of abrasive. After entering the 
shrinkage section, water and abrasive are accelerated simultaneously, with largely same acceleration. 
After entering the cylindrical section, the acceleration decreases somewhat. During the process of 
acceleration, the velocity of water is different from that of abrasive in that the velocity of water is larger 
than that of abrasive. Due to the existence of slipping velocity, the abrasive particles, brought by water, 
move in accelereation, and its velocity gradually becomes equal to the water velocity. At the nozzle exit, 
in the area about four times the exit diameter length of the nozzle, water velocity roughly keeps 
unchanged, while the abrasives continue to accelerate due to velocity difference, but its acceleration 
gradually decreases. The largest velocity of abrasives appears at the end of core area. After the core area, 
the velocity of water and abrasives both decays rapidly. Because the inertia of abrasive is larger, its 
velocity decays slower than the water’s.   
 
Fig.5 Dynamic pressure distribution of water 
 
Fig.5 displays the dynamic pressure distribution of water. It is known that the dynamic pressure 
distribution of water is similar to its velocity distribution: after jet accelerates from the nozzle, main cone 
jet section is formed behind the nozzle exit; on the vertical cross section, the dynamic pressure of jet is 
the largest on the axle, velocity decreases along the axle; on the axle, with jet distance increasing, jet 
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touches and mixes with its surrunding liquid, and the resistance produced makes the dynamic pressure of 
jet gradually decrease.    
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Fig.6  Comparison of dynamic pressure of water and abrasive at the axle 
It can be known from Fig.6 that, the dynamic pressure of abrasive at the nozzle is evidently larger 
thant that of water. Within the core area outside the nozzle, the dynamic pressure of water largely keeps 
unchanged, while the dynamic pressure of abrasive continuously increases, and reaches its maximal value 
at the end of the core area. Therefore, shock effect is not necessarily better near the nozzle exit. It is thus 
known that, after abrasives are added, the shock effect of high-pressure waterjet will be improved 
substantially.   
By means of jet shocking the fixed target wall, the best cutting distance is determined, and waterjet 
shock model is built. Adjust the direction of the nozzle, making the shock jet shock on the fixed target 
wall. Continuously adjust the distance between the fixed target wall and the nozzle exit. From the 
distance two times the nozzle exit diameter, the fixed target wall moves backward at a distance one time 
the nozzle exit diameter. Pressure change value on the fixed target wall at different distances is obtained, 
and the scope of the best cutting distance is determined, as shown in Fig.7 and 8.    
 
Fig.7 Velocity field 
 
Fig.8 Pressure field 
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After ejecting from the nozzle, two-phase flow forms free outgoing flow. The velocity of the two-
phase flow progressively decreases not much along the central axle, while the velocity of jet decreases 
abruptly when it approaches the fixed target wall. When jet hits the target wall, its direction becomes 
clearly curved and deflected, and turns into flow almost parallel with the wall.   
The pressure field contour of two-phase jet demonstrates that, the pressure within the nozzle is very 
large and almost does not decay. As the two-phase flow enters the limit-elememt space, pressure 
gradually decreases, very large pressure gradient exists when jet hits the fixed target wall. While jet is 
hitting the wall, the kinetic energy of the two-phase flow rapidly transforms into pressure energy, and acts 
on the fixed target wall.   
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Along the axle, the potential energy is zero. When abrasive jet shocks on the target wall, the kinetic 
energy of the two-phase flow rapidly transforms into pressure energy. The kinetic energy at the stagnation 
point where the velocity along the axle is perpendicular to the target wall entirely transforms into pressure 
energy. At this time, the pressure energy at this point is the largest.   
According to the simulation results, the distance of the fixed target wall to the nozzle exit is 
( ) times the nozzle exit diameter D, and the maximal shock pressure values on the fixed 
target wall at different ejection distance are shown in Fig.9.   
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Fig.9 Maximal shock pressure at different ranges 
With ejection distance increasing, shock pressure value decreases significantly; with ejection 
distance increasing, pressure decreases gradually. At the distance 2-7 times the nozzle exit diameter, the 
shock pressure of jet is larger; after the distance 7 times the nozzle exit diameter, the shock pressure 
decreases substantially. Hence, it is concluded that the best cutting distance is within the scope 2-7 times 
the nozzle exit diameter.   
We changed the nozzle inlet pressure: 5Mpa, 10Mpa, 20 Mpa, 30 Mpa and 40 Mpa; then changed the 
target range: 10mm, 25 mm, 50 mm, 75mm, 100mm, 125mm, 150mm, 175mm and 200mm for numerical 
simulation.   
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Fig.10  Relationship between inlet pressure and shock pressure 
At given range, the shock pressure at the jet axle increases with inlet pressure, as shown in Fig.10.  
 
Fig.11 Relationship between range and shock pressure 
At given inlet pressure, the shock pressure at the jet axle decreases with range increasing. The shock 
pressure is proportional to the inlet pressure of nozzle, and is inversely proportional to the jet range, as 
shown in Fig.11.  
 
5. Conclusions 
(1) At the range 2-7 times the exit diameter of nozzle, the shock pressure of jet is relatively large. After 
the range 7 times the exit diameter, the shock pressure significantly decreases. Therefore, it is concluded 
that the best cutting distance in the range 2-7 times the exit diameter of nozzle;   
(2) The shock pressure at the stagnation point where the axial line of jet is perpendicular to the target wall 
is the largest, which is in agreement with the actuality. This proves the correctness of numerical 
simulation;   
(3) The shock pressure of jet is proportional to the inlet pressure, and is inversely proportional to the 
target range.     
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